Inter-edge strong-to-weak scattering evolution at a constriction in the fractional 

quantum Hall regime 
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Gate- voltage control of inter-edge tunneling at a split-gate constriction in the fractional quantum 
Hall regime is reported. Quantitative agreement with the behavior predicted for out-of-equilibrium 
quasiparticle transport between chiral Luttinger liquids is shown at low temperatures at specific 
values of the backscattering strength. When the latter is lowered by changing the gate voltage the 
zero-bias peak of the tunneling conductance evolves into a minimum and a non-linear quasihole-like 
characteristic emerges. Our analysis emphasizes the role of the local filling factor in the split-gate 
constriction region. 
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Scattering amplitudes between highly-correlated elec- 
tronic states are driven by a complex range of funda- 
mental properties and are providing some of the most 
fascinating manifestations of electron-electron interac- 
tion effects in condensed- matter 0, Q . Two-dimensional 
electron systems (2DES) under the application of mag- 
netic fields (B) and at low temperatures are the ideal 
experimental arena where these phenomena can be in- 
duced and experimentally studied. This extreme quan- 
tum limit is characterized by integer and fractional quan- 
tum Hall (QH) states 0- For integer or peculiar frac- 
tional ratios of the charge (n) and magnetic-flux (n^) 
densities (i.e. the filling factor v = n/n,p — n ■ h/eB) 
the 2DES becomes insulating and charges can only prop- 
agate in chiral one-dimensional (ID) states at the edges 
of the QH liquid. Wen demonstrated that at fractional 
filling factors these ID channels lead to a remarkable 
realization of non-fermionic states 0, IH identified 
as chiral Luttinger liquid (CLL). Several theoretical in- 
vestigations predicted non-linear tunneling between two 
such non-Fermi liquids or between a metal and a CLL 
SSS0HI![lii[HE0- These results motivate 
an intense on-going experimental effort in QH systems 

Experimentally, tunneling between two CLLs (or inter- 
edge tunneling) can be induced at a quantum point con- 
tact (QPC) constriction defined by gating [T3, E, 
I20L I2H I22I l23j . The split-gate QPC has two main effects. 
By locally depleting the 2DES it controls the edge separa- 
tion and consequently the inter-edge interaction strength. 
Very importantly it also modifies the local filling factor 
(v*). v* , in fact, can be different from the bulk filling 
factor (v). At gate- voltage (V g ) values corresponding to 
the formation of the constriction (2D-1D threshold) v* is 
still equal to v. By further reducing V g the local filling 
v* decreases and becomes zero at pinch-off. 

Two separate inter-edge scattering regimes can be 
identified y| . In the strong backscattering limit the con- 
striction is approaching pinch-off [y* w 0): scattering 



is associated to tunneling of electrons between two dis- 
connected QH regions separated by the QPC. For simple 
fractions such as v — 1/q where q is an odd integer, the- 
ory predicts that when the tunneling voltage Vr (voltage 
difference between the two fractional edge states) goes 
to zero the tunneling current It vanishes as V^ q . In 
the opposite limit of weak backscattering, the QH fluid is 
weakly perturbed by the constriction [y* w v) and tun- 
neling is associated to scattering of Laughlin quasiparti- 
cles with fractional charge e/q. In this case and in the 
T = limit, the tunneling current diverges as Vr tends 
to zero. At small but finite temperatures and below a 
critical tunneling voltage It reverts to a linear Ohmic 
behavior. This leads to a zero-bias peak in the differ- 
ential tunneling conductance dlT/dVr whose width is 
proportional to q ■ kT/e. These theoretical suggestions 
prompted our recent experiments where we observed an 
unexpected suppression of the tunneling conductance in 
the low-temperature weak-backscattering limit and the 
appearance of the inter-edge tunneling zero-bias peak 
only above a critical value of temperature 0, |2(j ■ This 
low-temperature suppression has been recently ascribed 
to inter-edge interactions across the split-gate pif . 

The crossover between strong and weak regime, and 
the role of temperature are non-equilibrium quantum 
transport phenomena largely unexplored experimentally. 
Fendley et al. were the first to provide a unified 
theoretical framework of non-equilibrium transport be- 
tween CLLs applicable to these different regimes. They 
demonstrated the existence of an exact duality between 
weak and strong backscattering i.e. between electron and 
Laughlin quasiparticle tunneling. 0, 0, 0] . Recent mi- 
croscopic calculations em pha sized the impact of electron- 
electron interactions |13l l25j . 

In this letter we show the experimental evolution of 
the out-of-equilibrium inter-edge tunneling conductance 
dlr/dYr for different values of V g and temperature. Par- 
ticular attention is given to the case v = 1/3 in the 
bulk. We find that at v* = 1/5 the dlrjdVr versus 



2 



Vt characteristic displays a sharp zero-bias peak at low 
temperatures and two well-resolved minima at positive 
and negative Vt values. Both width and amplitude of 
the zero-bias peak are found to saturate for temperatures 
below T = 100 mK. The shape of the tunneling conduc- 
tance and its temperature dependence are successfully 
compared with the predictions by Fendley et al. for non- 
equilibrium transport through a QPC in a Luttinger liq- 
uid 0, || . Our experiments and analysis provide further 
evidence for the non Fermi-liquid nature of fractional QH 
edge states. 

As the backscattering strength is lowered by chang- 
ing V g we find first a suppression of the non-linearity 
of the tunneling conductance at v* k 1/4, and then a 
quasihole-like characteristic with a zero-bias minimum 
at V g corresponding to v* — 2/7. When v* = v = 1/3 
we recover a zero-bias minimum in agreement with pre- 
vious results [Til . A similar evolution is also found 
at a bulk filling factor v = 1, in this case centered on 
v* = 1/2. This latter result unambiguously establishes 
the role of the local filling factor v* in determining the 
non-linear inter-edge tunneling behavior, even in a config- 
uration where the bulk is a Fermi-liquid state. We believe 
that the observed values of v* associated to the peak-to- 
minimum crossover and yielding a Fendley-like lineshape 
of the differential tunneling conductance point at an in- 
terpretation in term of particle-hole conjugation around 
the metallic state of composite fcrmions. Andreev-like 
processes of fractional quasiparticles at the interface be- 
tween the bulk and the constriction re gion 12( 3 and intra- 
and inter-edge interaction effects [l3l 1 2 4 |25| could also 
play a significant role. 

The measured devices were processed from a 100 nm 
deep GaAs/Alo.iGao.gAs hetero junction with carrier 
density n — 7-9 x 10 10 cm~ 2 (depending on the cooldown 
procedure) and mobility always exceeding 10 6 cm 2 /Vs. 
QPC gates were fabricated by e-beam lithography, metal- 
lization and lift-off. Figure^ shows a scanning electron 
microscopy image of the QPC superimposed to the multi- 
terminal configuration used. Measurements were carried 
out by injecting a current / with both ac and dc compo- 
nents into contact 1. This current is partially reflected 
at the constriction: the backscattered fraction (It) is 
collected by Ohmic contact 2 while the transmitted one 
(I — It) is collected by contact 3. With this configura- 
tion, the potential difference between the two edges prop- 
agating towards the constriction is given by Vr = Pxyl 
{Pxy — h/ve 2 ). Finite-bias phase-locked four-wire mea- 
surements were performed with the ac component of the 
current down to 20 pA. When the 2DES outside the QPC 
is in a QH state, the longitudinal-resistance drop across 
the constriction (dV/dl, the quantity measured in the 
experiment) is related to cLIt/cLVt through the relation: 

dV dlT 2 &It , s 

~dl " = '~ Pxy ~dI " = Zpx ydVr~- () 

Given the direct proportionality between these two quan- 
tities, in what follows the differential tunneling conduc- 
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FIG. 1: a) Scanning electron microscope image of the quan- 
tum point contact (QPC) and set-up of differential conduc- 
tance. The geometrical sizes of the QPC constriction are 
600 nm wide and 500 nm long. Bias current I is injected at 
the contact 1 and partially reflected at the constriction. The 
backscattering current It leaves the device through the con- 
tact 2, the transmitted one (/ — It) through the contact 3. 
The measurement is performed in a four-wire scheme. The 
resistance drop dV/dl is measured between contacts 5 and 
6. b) Experimental dV/dl tunneling curves as a function of 
temperatures. I ac = 20pA. c) Calculated dV/dl curves as a 
function of temperature according to Refs.J^I^. 



tance characteristics will be presented as dV/dl resis- 
tance curves. The mismatch between bulk and constric- 
tion filling factors yields an additional Vr-independent 
longitudinal resistance drop due to the extra back- 
scattered Landauer-Buttiker current. In the set-up 
adopted in our experiments this mismatch leads to 
^]-\bg = h/ve 2 [1 — u*/v]. This relation was used to 
estimate v* from the measured resistance at large Vt- 

Figure lb shows representative finite-bias dV/dl mea- 
surements at a background value ^j|sg = 32 kO, i.e. 
v* = 1/5. At low temperatures the tunneling con- 
ductance displays a sharp (full width at half maximum 
« 200 /LtV) zero-bias peak and two minima at positive and 
negative voltage bias (the peak resistance value is set 
by the quantized transverse resistance 3/i/e 2 = 77.4 kf2 
|27j). The tunneling conductance presents a marked tem- 
perature dependence, and the non-linearity altogether 
disappears for T exceeding 700-800 mK. These data can 
be analyzed within the framework proposed by Fendley 
et al. M. Fi gure lc, in particular, reports a set of calcu- 
lated differential inter-edge tunneling characteristics at 
filling factor 1/5 0. To allow the comparison with the 



3 




200 400 600 

Temper 



200 400 600 

ature (mK) 



FIG. 2: (a) Standard deviation parameter a of the gaussian 
fit to the zero-bias tunneling conductance peak verus temper- 
ature. Experimental data (open circles), theoretical calcula- 
tion at filling factor 1/5 following Wen (Ref.Q dotted line), 
and Fendley et al. (Ref.0 solid line) with T B = 500mK. (b) 
Same as in (a) but for the peak intensity (after substraction 
of the background value of 32kf2 and normalized to the tran- 
verse resistance value 3h/e 2 — 77 AkQ). The inset reports the 
experimental points in a log-log scale together with a straight 
line with slope -8/5. 



experimental data, a constant background of 32 kil was 
added to the calculated curves. The only free parame- 
ter in the calculation is the so-called impurity or point- 
contact interaction strength Tg and the best agreement 
with the experimental data was found for Tg — 500 mK. 
The observed agreement strengthens the interpretation of 
the non-linear tunneling curve in terms of quasiparticlc 
tunneling between fractional quantum Hall edge states at 
filling factor 1/5. It is worth noting that the two lateral 
minima present at the lowest temperature are purely non- 
equilibrium transport effects in the inter-edge tunneling 
conductance. 

Further support to this interpretation stems from the 
temperature dependence of width and intensity of the 
zero-bias tunneling peak. Experimental data (open cir- 
cles) are plotted in Fig. 2 together with the results of the 
theoretical prediction in the weak-backscattering limit 
0, @ Wotted lines) and with the exact results of Fendley 
ct al. 8, 9] (solid lines). We should like to emphasize the 
low- and high-T behavior in Fig. 2. At low-T the weak 
back-scattering theory predicts a width proportional to 
kT/v*e 1 vanishingly small when T— >0. On the contrary 
the exact non-equilibrium results yield a saturation below 
T k, 100 mK in agreement with our experimental results 
|28| . A similar saturation was found for the intensity 
of the zero-bias tunneling peak. This behavior signals 
the evolution of the tunneling characteristics from the 
weak- to the strong-backscattering regime as T is low- 
ered. In the high-T weak-backscattering regime, on the 
other hand, the T-dependence of the peak intensity is 
compatible with T~ 8 / 5 (see the inset to Fig. 3b where the 
experimental data are plotted in log-log scale together 
with a straight line with slope -8/5) consistently with 
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FIG. 3: Evolution of tunneling conductance versus gate 
volatge at T=50mK and u =1/3. The background resistance 
values associated to relevant filling factors inside the constric- 
tion region v* are indicated by the arrows. Inset shows the 
behavior at the bulk filling factor v= 1. Here the crossover 
occurs at « 12 kf2 that corresponds to v* — 1/2 and the sat- 
uration is at the transverse resistance h/e 2 = 25.8fcf2. The 
excitation current is I ac — 200pA. 



the CLL prediction of T^ 2 



at v* 



1/5. 



Let us move on to the evolution of inter-edge tunnel- 
ing conductance as a function of V g . Figure reports 
representative results obtained with a relatively-high ex- 
citation current I ac — 200 pA. Two qualitatively different 
behaviors emerge: for high backscattering strength (high 
\V g \ values) conductance curves display a maximum at 
zero bias (see also Fig. lb), for lower \V g \ values the 
maximum evolves into a minimum. This behavior was 
consistently observed at different charge densities (and 
magnetic fields). In all measurements we found that the 
minimum-to-maximum transition occurs at a resistance 
value of about 20 kil where a flat linear characteristic is 
found. It is intriguing to note that this resistance value 
corresponds to v* — 1/4. Here a Fermi-liquid state of 
composite fermions with four flux quanta h/e attached is 
realized within the constriction region. A similar evo- 
lution is observed at v = 1 (see inset of Fig. 3): the 
crossover in this case occurs at v* —1/2. This latter 
result highlights the impact of the local filling factor v* 
on the tunneling characteristics. 

A careful analysis of the tunneling conductance char- 
acteristics under low excitation current (20 pA) in the 
gate- voltage region of the minima reveals an unexpected 
symmetric behavior. While, in fact, the lincshapes of 
maxima and minima change significantly as the gate- 
voltage is varied in a manner that can not be modeled in 
a simple way, at the specific background resistance value 
of about llkfi (y* = 2/7) we observed a sharp zero- 
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FIG. 4: Top panels: Evolution of the differential tunneling 
conductance characteristics corresponding to v* = 1/5 (back- 
ground resistance value of ~ 32 kfl) at three different values 
of the temperature. Bottom panels: same as in upper panels 
but for the background resistance of llkf2 ( corresponding to 
v* = 2/7). The excitation current is I ac — 20pA. 

bias dip with lineshape similar to the one observed at 
v* = 1/5. Figure 4 compares the evolution of the tunnel- 
ing conductance peak {y* = 1/5) and dip (v* ~ 2/7) as a 
function of temperature. The behavior in the high tem- 
perature limit is associated to the breakdown of the QH 
state outside the QPC: in both cases the contribution of 
this additional backscattering simply increases the over- 
all resistance drop. As expected the weaker QH 2/7 state 
reflects into a more pronounced temperature dependence. 

The symmetric evolution of the two lineshapes is truly 
intriguing. Given the values of z/*'s it is tempting to link 
these data to particle-hole conjugation around the metal- 
lic state of composite fermions at 1/4. In this framework 



the tunneling peak could be related to quasi-particle tun- 
neling between v* = 1/5 edge states and the dip would be 
due to quasi-hole tunneling at v* = 2/7, the latter lead- 
ing to an increase of the total transmission coefficient 
at the QPC constriction (i.e. reduction of the measured 
resistance drop dV/dl). In the Fermi-liquid state corre- 
sponding to v* = 1/4 the Vy-dependent non- linear tun- 
neling current vanishes as observed experimentally. The 
complex structure of edge states in the rather smooth po- 
tential profile of the split-gate QPC should be taken into 
account j2(|. Moreover quasi-particle Andreev-like pro- 
cesses due to the mismatched filling factors at the QPC 
|26j and interaction effects intra-edge and across the split- 
gate |3 HH ma Y also P ia y a role. Further experimental 
and theoretical analysis is therefore needed. 

In conclusion we reported the evolution of inter-edge 
scattering at a split-gate QPC constriction when the bulk 
is at v = 1/3. Gate bias allows to control the inter-edge 
coupling by changing both the inter-edge distance and 
the filling factor v* within the QPC region. At a local 
filling factor v* — 1/5 and T = 50 mK we observed a zero- 
bias differential tunneling-conductance peak consistent 
with the prediction of out-of-equilibrium quasi-particle 
transport between CLLs. The gate- voltage- induced evo- 
lution of tunneling around v* — 1/4 suggests an unex- 
pectedly complex phenomenology in quasi-particle trans- 
port through a QPC in the QH regime. 

We are grateful to M. Grayson, J.K. Jain, A.H. Mac- 
Donald, E. Papa, R. Raimondi, B. Trauzettel, G. Vig- 
nale for discussions and suggestions. This work was sup- 
ported in part by the Italian Ministry of University and 
Research under FIRB RBNE01FSWY and by the Euro- 
pean Community's Human Potential Programme under 
contract HPRN-CT-2002-00291 (COLLECT). 



[1] A.M. Chang, Rev. Mod. Phys. 75, 1449 (2003) 

[2] A. Koutouza et al., Phys. Rev. B 68, 115422 (2003) 

[3] Perspectives in Quantum Hall Effect, edited by S. Das 

Sarma and A. Pinczuk (Wiley, New York, 1996) 
[4] X. G. Wen, Phys. Rev. B 44, 5708 (1991) 
[5] X. G. Wen, Phys. Rev. B 43, 11025 (1991) 
[6] X. G. Wen, Phys. Rev. Lett. 64, 2206 (1990) 
[7] C. L. Kane and M. P. A. Fisher, in 0, pp. 109-159. 
[8] P. Fendley, et al., Phys. Rev. Lett. 75, 2196 (1995). 
[9] P. Fendley, et al., Phys. Rev. B 52, 8934 (1995). 

[10] P. Fendley, H. Saleur, Phys. Rev. Lett. 81, 2518 (1998). 

[11] R. DAgosta, et al., Phys. Rev. B 68, 035314 (2003). 

[12] A.Koutouza, et al., Phys. Rev. Lett. 91, 026801 (2003). 

[13] S.S. Mandal, and J.K. Jain, Phys. Rev. Lett. 89, 096801 
(2002). 

[14] M. Grayson et al., Phys. Rev. Lett. 86, 2645 (2001). 

[15] I. Yang et al., Phys. Rev. Lett. 92, 056802 (2004). 

[16] F. P. Milliken, C. P. Umbach and R. A. Webb. Solid State 

Commun. 97, 309 (1995). 
[17] I. J. Maasilta and V. J. Goldman, Phys. Rev. B 55, 4081 

(1997). 

[18] L. Saminadayar et al., Phys. Rev. Lett. 79, 2526 (1997). 



[19] S. Roddaro et al., Phys Rev. Lett. 90, 046805 (2003). 
[20] S. Roddaro et al., Physica E, in press. 
[21] R. de Picciotto et al. Nature 389, 162 (1997). 
[22] Y. Chung, et al., Phys. Rev. B 67, 201104 (2003). 
[23] Y. Chung et al., Phys. Rev. Lett. 91, 216804 (2003). 
[24] E. Papa, and A.H. MacDonald, submitted to Phys. Rev. 
Lett. 

[25] S.S. Mandal and J.K. Jain, Solid State Commun. 118, 
503 (2001). 

[26] N.P. Sandler et al., Phys. Rev. B 57, 12324 (1998). 

[27] Values of the zero-bias tunneling peak vary slightly as a 
function of carrier density probably relfecting the impact 
of weak random potential in tuning the tunnel coupling 
[IHl . Values larger than p xy — 3/i/e 2 = 77.4kf2 can be ex- 
plained as due to partial reflection of the edge tunneling 
current at the ground contact 2. 

[28] The current modulation in our experiments yields a 
threshold temperature of Vr,ac ~ Pxylac ~ WmK well 
below our lowest accessible temperature. 

[29] B. Rosenow, and B.I. Halperin, Phys. Rev. Lett. 88, 
096404 (2002). 



